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ABSTRACT

The progran attempts to develep an understanding of the d4iffu-

sion vonding of titaniww alloys; in particular, the alloy Ti-HA1-4V.

The accomplishments of the third quarter of the program are as
follows:

1) A series of tensile and bend tests has been completed,
li:ese tests showed trends which weres in reasonable
agreement with the shear tests performed during the
ssconid quarter.

2) Additional shear tests heve baen perform.d to extend
the range of variables to grester pressures and shorter
bonding tiw.es thon those reported for the secoid quarter.

3) Examination of bond line photamicrographs indicates a
cerrelation between bonded length and relative tensile
strenigth. This correlation may find practical use in
estimaling bond quality.

AI-67-137

LSS




CONTENTS

Page

Abatmct [ ] * L4 L] L] . L] 2 L] L ® - ° * L) L3 * . . . ® * a * 13 s - » » 2
I . Tensile and Band Tests ® L] . L L) - - L ® -] L] ® » » ® * ~ » * ® * 5
A. Preparation of Specimens . . . + «» « o o ¢ ¢ o o o 5 o 0 o 5

B. FRoom Temperature Tensile Tests . . . « ¢« o ¢ ¢« o ¢ o o o « o )

C. Room Tempesrature Besnd Tests ., . . o ¢ o 4 ¢ o s ¢ o o ¢ o ¢ 7

II' sh“r Teﬂts - [ ] L a . - L] [ - » & ® [ . & » - . L] . L . L . * . 8
I7I. Plans for the Fourth Quarter . . . s ¢« ¢ s o o o o o ¢ o o o o « 9

FIGURES

1, Details of Graphite Fixture with Bonded Specimens in Place . . . 12

2. Assembled Graphite Butt Donding Fixture with Top Flate in
Place for Dead Weight Loading . . ¢ « ¢ o ¢ o o = o ¢ « v o = o 13

3. Photograph of Ti-6A1-4V Alloy Jpecimens Before and After
Putt Diffusion Bonding . o « ¢ o v o o ¢ s o o s o o o« o 2 o o « b

4. Photograph of Ti-6A1-AV Alloy Specimens After Butt Diffusion
&)nding . » L L2 * L) * » . * * L] L4 L] . © L o 9 . * - * e * » » 15

5. Tensile Test vpecimens Mechined from Butt Diffusion Bonded
Specimenﬂ e & 0 & 6 2 0 e Tt 6 o € e * o2 0 s ¢ 8 & & o & & & @ l{;

6. Butt Niffusion Bonded Specimens After Focin Temperaturs
Tensile Testing . . . . . v ¢ ¢ ¢ ¢ 4 o ¢ o o 5 o o o 5 2 o o 17

7. Run 3S. Bonding at 1A00°F . . . . . 4 . s e 4 e 0 s e 0 s . .. 18
Run 5S. PBonding at 1600°F . . . . ¢« & « « o 4 ¢ s o « o o ¢ « » 18

9. Run 25. Bonding at 1700°F . . . v 6 ¢ o ¢ & o o o « o o o o » » 19
10, Run 635, Bonding at 1700°F ., . . v ¢ ¢ 6 o o o o o o o o o o o &
11. Run 3S. Bonding at 1600YF . . . 4 ¢ ¢ ¢ v & o o s o s o o o o o
12. Run 5S. Bonding at 1600°F . . . . ¢ v v ¢ ¢ o s o o ¢ o o o o o
13, Run 2S. Bomding at 1700°F . . & ¢ ¢ ¢ 4 o 6 o s o o o o o & o o
1h. Run 6S. Bonding at 1700°F . . . ¢ ¢ & v s ¢ o o o o o o o s« =
15. Run 2HP. Bonding at 16LO°F . . . v ¢ v ¢ ¢ 4o o ¢ ¢ o o o o o @
16, Run HP. Bonding at 6LO°F . . . . . v v v s 4 4 4 e e e e . 22
17. Run 3HP. Bonding 8t 154C°F . . . v v v v v s e s v w0 v 0. 23
18, Run JHP. Bonding at 15L0°F .+ & v 4 v s v e s i b e e e e 2

BRERRB3S

AI-67-137
3




TABLES

Page

Room Temperature Tensile and Yield Strength of Butt Diffusion
Bonded Ti-6A1l-LV Alloy Specimens . . . ¢ « 4 ¢ ¢ « ¢ « o « « « « 10

Bend Strength of Butt Diffusion Ronded Ti-6A1-4V Specimess . . . 11

Shear Strength of Ti-6A1-4V :lloy Diffusion Bonded Specimens
Comparea wiuh Parent Metal 3Strength . . . . . . . . . e B |

AI-67-137
A




I. TFENSILE AND BEND TESTS

A. PREPARATION OF SPECIMENS

The preparation and testing of eight butt diffusion bonded Ti-6A1-4V allcy
specimens was completed during ihe quarter. DNetails of ‘he gre 1ite tooling
fixture used to hold the specimens during bonding are shuwn in Figures 1 and 2.
Figure 1 shows the graphite tooling with two bonded spec.rers in place after a
typical run. The ~hite base plate is an alumina ceramic used to support the
fixture during the bonding cycle. A photograph of the vacuum furnace used for
diffusion bonding was exh!bited in the first quarterly report.® Tigure 2 shows
the fixture assembled with tns top load plate in place. Stainless sisel weights
ware placed on top of the load plate aftsr the assembly had been placed inside
the furnace. The total weight of the top pla'e and rings wes adjusted to obtain
a specimer bonding pressure of 100 psi.

Figure 3 shows typical pleces of the titanium alloy before and after butt
diffusion bonding. ‘The bonded specimen on the right shows a bond line at the
joint becauss of a slight bevel on the edges. The surfaces were ground to
ramove any surface imperfection at the joint interface.

Specimens ware butt diffusion bended undsr the following sets of conditions:

Butt Diffusion Bonding Runs

Spec. Bast and Poorest

_No, Bonding Conditions Vacuum Readings Hemarks

13 1500°F-1 Hr.-100 psi. 2 x 107 to 8 x 107 Torr  No bond obtained
LS 1500°F-1 Hr.-100 psi 7 x 10™° to 4 x 107 Very pnor bond
35 1600°7 1 Hr,-10C psi 2 x 107 to & x 107 Bona ed

55 16009F -4 Hr.~100 psi 1 x 1070 ts 3 x 1077 Bond ed

25 1700°F-1 hr.~10C psi 2 x 107 to 6 x 107 Bonded

65 1700°F-i Hr.-10C psi 2 x 107 to 5 x 167 Bonded

Little or no bonding we= achleved at 1500°F but good appearing bonds wsre
obtained at 1600°F and 1700°F. Figure & shows four specimens that were bomnded
at 1600°F and four specimens that were bonded &t 1700°F., hute that the bond

T 5mith, C. A., and Reed, %. L., "Diffusion Bonding of Titanium Allowrs,” First
Quarterly Report. U.S. Army Materials Ressarch Agency RHeport No. CRH6E-10/1,

AI-67-137
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line is visible in the center of sach specime... After vrinding to remove the
slight edge bavel the bond linea weres no longer visible .o the naked eye. One
apecimen fram each set of bonding conditions was machined into tensile specimens.
Figure 5 shows & photograph of these specimens before tensile testing. Note that
the bord interface is no longer visible after surface grounding and machining.
Figure 6 sh~ws these specimens after tensile testing. The small black circles
on three of the specimens outiine lhe 2 in. gauge marks that were used to
determine total elongation. Gauge marks also are visible op specimen 6S.

B. ROOM TEMPCRATURE TENSILE TESTS

The results of the tensile tests are 1isted in Table 1. Snecimen 33-B
bonded at 1600°F for one hour showed poor tensile strength ond no elongation,
but four hours bonding time at 1600°F (Spec. 55-B) resulted in a significant
strength improvement even though the eiongation was still nil., (The specimen
pressure in these butt diffusion bonding tests was the same as for the majority
of the specimens diffusion »onded in tie Vvacuum hot press squipment.) Bonding
at 170C°F for either one hour or four hours produced joint tensile strengths
greater than 90 percent of the parer. metal strength., Four hours at 1700°F
resulted in an ultimate tensile strength increase of 4,200 psi as compared with
the sauple bonding cycle of one hour at 170G°F., Both of the specimens bonded
at 1700°F showed 13% elongation in a gauge length of 2 in. compared with 11,87
for the parsnt metal,

Snall pleces of the allcy were cut from the joints of the tensile specimens
before they were machinad., The microstructure of these diffsrent specimens
showed an interesting correlation of bond appearance with the ultimate Joint
tensile strengths, Figures 7, 8, 9 and 10 show photomicrographs of these Joints,
Portions of these samz arsas are shown at a magnification of 50CY in Figures 11,
12, 13 and 14, Referring first to the photomicrographs at 100Y observe that in
Figure 7 therw ars very fsw arseas showing bonding scross the interfacs arte:
bonding at 1600°F for cne hour. Here the ultimate tensils strength of the bond
was only 49,700 psi. igure 2 shows a number of areas in the sample ihat ware
bonded at 600°F for four hours where compiete bonding across the ‘nterface
sa® occurred; the resulting joint strength was increased to 122,300 psi.
Similarly, in F.gure 9 only a few .nbonded spots sre visibie and Lhe bond
strength hos incresased to 133,.00 psi, while in ¥Figure 10 onl, two or three
very small unbonded spots are perceptible. Here the ultimste tensile strength
was 137,50C psi, or 94.7¥ of the parsnt metal strength,

A comparison of the microstructures with the corresponding foint strengtha
is even more st-iking at 500X gFigurns 11, 12, 13 and 14). A rough apprroxima-
tion of the percent of bondsd Isngth was made from sach photomicrograph, The
results are listed below and compared with the percent of parent metaiultimste
strengths observsd:

AT-E7-137
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opec. Apparent Percent Percent of Parent

_No. Honding Farameters Bond e Metal Strangth
35 16("=1 Hr.-100 psi L7 L. 24

5S 1600-4 Hr.-100 psi 72 84.2

25 1700-1 Hr.-100 psi &, g9l.7

65 1700-4 Hr.-100 psi GL S4.7

These results shcw & gocod corrslation considering the short lsngths of bond
line observed at 500X.

C. POOM TEMPERATURE BEND TESTS

Room temperature bend testis were perlommed on the second set ~»f specimens
fram the bu.i diffusion bonding seriss. Bend tests also were made on thrase
specimens of the parent Ti-6A1-4V &lloy which were machined and finish ground to
the same dimensions as the bonded specimens, The resuits of theses tests are
shown in Table 2. The increase in bend strengtns showed the same patterm as for

the tersile tests. A bend span of 3.0 irches was used., Maximum flexural bend
strength was calcuwiated from the foliowing formula:
\ .
}’ o= I"_.t_._—' S ’F‘L
bh”
whers:
F o= flexural ben: strength
P = maximum Land load in pounds
L span ir inches
t = spacimer width in inchas
k= gspecimen thickness in inches
Lote that the flexural stirengih values were significantly higher thar the
tensile strength values, narticularly for the parent metal end for the tests
ort

erforn.l at 170C°F., This beiavior 1s not unusual for ductiles Laterials,
However, the values are approximately the sa - in [lexure ani tension for
specimens 35 and 55 where the aracimens exhibited o ductility (brittle
pehavior).




II. CSHEAR TESTS

Shear tasts were performed on two spscimens hot press honded at. 650 psi for
cns bour at 1540 and 16L0°F, respectivaly. Also two specimens wore hot presa
bonded at 100 psi for 1/2 hour at 1440°F and at 1470°F., The latter specimens
were prepared to fill in an apparent gap n ths daformation (vs.) shear
strangth curve presented in the last report. The average sh~sr sirengths of
thise cnscimens and “%e Shoar strengths of the respective parent met&al spacimens
are shown in Table 3. Specimer deformations also ars listed. Nots that the
650 psi runs showed a iarge amount of specimen deformation and join® stirengths
squivalant to those of the respsctive parent metal plecss. The specuaens bonded
at low pressure for short times showed tha same amown® of spacimen deformation

(0.0025 in.), yet considerable difi. ence was obsarved in thelr average shear
surength vaiues,

Figures 15 and 16 show the microstructurs of a section of specimen 2 HP at
100%. and at 500X magnification, Similer photomicrographs of a section of
specimen 3 HP ars shown in Figures 17 and 1%, Complete b ~ding and grain growth
across the intsrface is evident i. hoth specimens.

AI-~67-137
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III. PLARS FOR THE FOURTH QUARTER

No laborstory work is conteesplatsd for the fourth quarter. Dats analysis
and work on the mathemetical model wiil centinue, Preparetion of the topical
report will begin.

AI-67-137
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TABLE 1

ROOK TFMPERATURE TENSILE AND YIFLD STRENGTH
OF BUTT DIFFUSION BONDED Ti-6A1l-4V ALLCY SPECIMENS

Percent
Specimen : Elongation Tield Ultimate 1§ ci rarsent
Numbar Bonding Condit-ons (¥ 4n 2 in.) | (0.2% Offset)] Tensile Metal
(U.T.5.)
35-B 1600°F-1 Hr.-100 psi None None 49,700 psi 3.2
55-B 1600°F-4 Hr.-100 psi None None 122,300 84.2
1700°¥-1 Hr.-100 psi 2.0% 130,600 psi {133,200 91,7
1700°F~L Hr.-100 psi 13.0 * 137,5G0 7
Parent Untrested 11.8 137,900 145,200"* | 100.0

# Extensometer {ailsd. No dats obtained.

##* Aversge of three specimens.

AI-67-137
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TABLE 2

BEND STRENGTH O BUTT DIFFUSION RONDED Ti~6Ai-4V SPECIMENS.
SPECIMEN DIMENSIONS 1.0 WIDE BY 7.67 LONG BY 0,16" THICK.
BEND SPAN, 3.0 INCHES.

Specimen Bend Load Flexural Percent of Parent
Number Bonding Conditions at Failure Strength Metal Strength
35-4 1600°F-1 Hr,~100 pei 227 1b L4, 900 psi 17.8%
554 1600°F~-4 Hr.-100 psi 472 120,900 48,0
234 1700°F-1 Hr.-100 psi 754 186,50C 4.0
654 1700°F~4 Hr.-100 psi 812 200,800 79.7
P t s vend 3
Voial Unireated 107" 251,800 100.0

* Average of three specimens.

TABLE 3

COMPARED WITH PARENT METAL STRENGTH

SHEAR STRENGTH OF Ti-6A1-4V ALLOY DIFFUSION BONDED SPECIMENS

i Shear Strength Shear Strength of _
ng;b:;n gonding Conditions of Joint Parent ¥ al De{i::a
- {Avg. of 4 Tests) | (Avg. of 4 Tests)
2 HP 1640°F-1 Hr.-650 psi 89,500 psi 89,300 psi 0.056"
3 HP 1540°F~1 Hr,-650 psi 81,470 83,300 0.034" ;
LP 1 1470°F-% Hr.-100 psi 17,900 92,200 0.0025" .
P 2 1440°F~4 Hr,-100 psi 24,150 95,200 0.0025"
|
AI-67-137
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Figure 1. Details of Gra, .ite Fixture with Bonded
Spacimens in Place

AI-67-137
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Figure 2, Assembled Graphite Butt Bonding Fixture with Top
Plate in Place for Dead Weight lLoading

AI-67-137
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Figure 3. Photograph of Ti-6A1-4V Alloy Specimens Before and
After Butt Diffusion Bonding
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igure 4.

Photograph of Ti-6A1-4V Alloy Specimens After
Butt Diffusion Bending
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Figure 5. Tenslle Test Specimens Machired from Butt

Mffusion Mended Specime..s
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Figure 11. Run 3S. Bording at 1600°F; 100 psi; 1 Hour.
Tensile Strenmgth: 49,700 psi.
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Figure 12. Run 5S5. Bonding at 1600°F; 10v psi; & Hours.
Tensile Sirengtin: 122,300 psi.
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Ti-6A1-bY

Ti-6A1-4V

Figure 15. Run JP. Bonding at 164L0°F; 650 psi; 1 Hour,
Shea Strength: 89,520 psi.
Met e —7m_l-l . EtChed ® }.OOX °

Figure 16, Run 2HP. Bonding at 1640°F: 650 psi; 1 Hour.
Shear Strength: 89,520 psi.
Met.-7444-1-2, Etched. 5WOX.
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Figure 17. Run 3HP. Bonding at 1540°F; 65
Shear Strength: 81,470 psi.
Met,-74444-2~1, Fitched. 100X,
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Figure 18, Run 3HP. C L

Bonding at 1540vF; 650 psi; 1 Hour.
Shear Strength: 81,470 psi.
Met.-T444~2~-2. Ftched, SO00X.
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t4 XEY WORDS' Key words are technicaliy mesningful terms
vr short phrazes that characterize o feport and mey be used as
tndex entries for cataloging the report. Key words must be
sciccied so that no secuiity (iassificution ta required. ldenti.
fiery, such ss equinment model designstion, irede name, milriary
project code name, geographic locelion. mey be used ss ey
words but will be followed by an indicstion of technicel con-
teat. The esaignment of links, rules, snd weights 1s opliona!

Security Classification




